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An icosahedral quasicrystalline phase was found in a Hf65Al7.5Ni10Cu12.5Pd5 metallic glass annealed
in the supercooled liquid region. Upon annealing at high temperature, the quasicrystalline phase was
found to decompose to regular crystalline phases, indicating that it is a metastable phase. The
present alloy was compared with the previously reported Zr- and Ti-based alloys with the formation
of icosahedral quasicrystalline phases. Hf, Zr, and Ti belong to the same 4A column in the element
periodical table. Based on the above comparison, conditions in terms of atomic radius and alloy
composition which favor the formation of icosahedral quasicrystalline phase in 4A element based








































ngSince an icosahedral phase~I phase! was found in a rap-
idly solidified Al84Mn16 alloy,
1 extensive studies on icosah
dral quasicrystals have been carried out for the last fift
years. As typical alloy systems in which the icosahedral q
sicrystals have been formed, one can list up Al-, Mg-, P
and Ti-based systems.2 Most of the icosahedral phase wa
found as a metastable phase, the formation of which depe
on the cooling rate from the melt. Some of the systems
known which exhibit a transformation from the amorpho
state into the quasicrystalline phase: Pd-,3 Al-,4 Ti-based5
amorphous alloys. The advantage of this approach is that
independent of the cooling rate. Recently, the precipitat
of icosahedral phases from Zr-based metallic glass
reported.6–8 This letter is intended to report the precipitatio
of an icosahedral phase in the crystallization process o
Hf-based glassy alloy.
Alloy with nominal atomic percent composition o
Hf65Al7.5Ni10Cu12.5Pd5 was examined. The alloy ingot wa
prepared by arc melting a mixture of pure metals. From
alloy ingot, a ribbon with a cross-section of about 0.
31 mm2 was prepared by a single roller meltspinnin
method in an argon atmosphere. The melt-spun ribbon
annealed in a vacuum-sealed quartz tube. The structure
examined by x-ray diffraction~XRD! while the thermal sta-
bility by differential scanning calorimetry~DSC! at a heating
rate of 0.67 K/s. The microstructure was examined by us
a transmission electron microscope~TEM! JEM-3000F, op-
erated at 300 kV. The diameter of the electron beam w
focused to 1.0 nm during nanobeam electron diffract
analysis.
Figure 1 shows XRD patterns of the melt-spun and
nealed ribbons. The halo ring for the melt-spun ribbon in
cates the formation of an amorphous state. DSC curve of
melt-spun ribbon is shown in Fig. 2. The amorphous ph
changes to a supercooled liquid state accompanying an
dothermic reaction marked with the glass transition tempe
a!Electronic mail: li@sendai.jst.go.jp5280003-6951/2000/77(4)/528/3/$17.00





















ture Tg, followed by two exothermic peaks. For clarifyin
the precipitation phase due to the firststage exothermic r
tion, XRD pattern of the sample heated at 806 K for 0.36
is also shown in Fig. 1. As identified in the figure, the sha
diffraction peaks are identified as an icosahedral phase w
quasilattice constanta50.254 nm after the approach o
Bancel.9 The XRD pattern in Fig. 1 for the specimen heat
at 1000 K for 0.3 ks corresponding to the temperature ab
the second exothermic peak shows the precipitation of Hf2Cu
and HfAl3, implying that the icosahedral phase is in a me
stable state.
To verify the indexing result of XRD, a TEM observa
tion was performed on the specimen annealed at 806 K
FIG. 1. XRD pattern of melt-spun glassy alloy with different anneali
conditions.© 2000 American Institute of Physics









































529Appl. Phys. Lett., Vol. 77, No. 4, 24 July 2000 Li et al.0.36 ks. Figure 3 shows the bright-field TEM image. T
particle size ranges from 10 to 20 nm. Figure 4~a! shows the
selected-area electron diffraction pattern corresponding t
area of 1mm in diameter. The reflection rings in the electro
diffraction pattern can also be indexed as the I-phase. Fig
4~b!–4~d! show the nanobeam electron diffraction patter
corresponding to the five-, three-, and twofold symmetri
respectively. These results indicate that the present qua
rystal is an icosahedral phase. Figure 5 shows the highr
lution image corresponding to the nanobeam electron diffr
tion pattern shown in Fig. 4~b!. The sample is homogenou
ruling out the possibility that the fivefold symmetry is fro
twinned approximants.
It is important to discuss the reason for the precipitat
of the I phase as a metastable phase in the crystalliza
process of the Hf–Ni–Cu–Al amorphous alloys containi
Pd. The previous structure studies on the Zr–Ni–Cu–Al m
tallic glass with high supercooled liquid stability by anom
lous x-ray scattering method indicate that the amorphous
loy has a unique disordered structure with a highly de
random packed atomic configuration and long-range ho
geneous atomic configuration.10,11 It has been pointed ou
that the formation of this unique amorphous structure i
universal phenomenon for the multicomponent alloys w
the following features,11 i.e., ~1! multicomponent system
consisting of more than three elements;~2! significant atomic
FIG. 2. DSC curve of melt-spun glassy alloy.
FIG. 3. Bright-field TEM image of the melt-spun glassy alloy annealed
808 K for 0.36 ks.














size mismatch over 12% among the main three elements;
~3! negative heats of mixing among the elements. The f
tures of the atomic configurations are also interpreted with
assumption that the amorphous alloys include a numbe
icosahedral configurations on a short-range scale. Becau
the similarity between Zr and Hf in atomic radius and he
of mixing with Ni, Cu, and Al, it is reasonable to conside
that the Hf–Ni–Cu–Al and Zr–Ni–Cu–Al amorphous a
loys have similar atomic configuration. Since the heat
mixing between Pd–Ni atomic pair is 0 kJ/mol, it is consi
ered that the addition of Pd leads the deviation of the sup
cooled liquid state, generating inhomogeneous regions in
t
FIG. 4. Electron diffraction patterns of melt-spun glassy alloy anneale
808 K for 0.36 ks.~a! is a selected area electron diffraction pattern.~b!, ~c!,
and ~d! are nanobeam electron diffraction patterns, corresponding to fi
three-, and twofold symmetries, respectively.
FIG. 5. High-resolution image of a single quasicrystal particle with t
incident electron beam parallel to the fivefold symmetry orientation of
icosahedral phase.




























530 Appl. Phys. Lett., Vol. 77, No. 4, 24 July 2000 Li et al.long-range homogeneous atomic configuration. The gen
tion of short-range inhomogeneous regions seems to prom
the precipitation of isolated icosahedral particles.
Accompanying the present report, it is recognized tha
phase was found in all the 4A element based alloys in
periodical table. The typical compositions are Ti2~Ni, Cu!
2,
Zr65Al7.5Ni10Cu12.5Pd5
8 and Hf65Al7.5Ni10Cu12.5Pd5. Com-
parisons of these alloys should be helpful to understand
ruling factors to the stability of the I phase. The compo
tions of these alloys can be represented by M1002xNx , where
M represents the 4A elements and N represents the o
metals. These alloys have the following two features. Fi
the concentration of M is in the vicinity of 65 at. %. Th
second one is related to the atomic radii of M and N. In c
N site is occupied by several elements, the average ato
radius of these elements was taken as the atomic radiu
N. It is found that atomic radius ratios of M to N are approx
mately 1.2 for all the three alloys. Based on the above
cussion, it is suggested that the 4A element based alloys
a composition of approximately 65 at. % M and a 1.2 atom
radius ratio of M to N favors the formation of I phase.
should be pointed out that these conditions are the sam
















tallize as the stable phases of Zr2Ni or Zr2Cu in many Zr-
based metallic glasses.12 Further studies are necessary
clarify the relationship between the formations of Laves a
I phases.
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